Introduction
Drosophila neuroblasts (NBs) divide in an asymmetric fashion to generate another NB (self-renewal) and a differentiating cell, the ganglion mother cell (GMC) (Lee et al., 2006) . To divide asymmetrically, NBs establish an axis of apical/basal polarity, orient the mitotic spindle along this axis, and localize regulators of selfrenewal to the apical pole and key differentiation factors to the basal pole. Upon cytokinesis, the larger, apical daughter cell inherits the self-renewing factors and therefore retains NB fate, whereas the smaller, basal cell inherits differentiation factors and acquires GMC fate (Barros et al., 2003; Yu et al., 2006) .
Adaptor proteins, such as Miranda and Partner of Numb (PON), play a pivotal role in asymmetric cell division because they ensure the asymmetric segregation of cell fate determinants to the GMC (Betschinger and Knoblich, 2004) . Miranda regulates the asymmetric segregation of key differentiation factors such as Brat (a translational repressor) and Prospero (a homeodomain transcriptional repressor) (Ikeshima-Kataoka et al., 1997; Lee et al., 2006; Schuldt et al., 1998; Shen et al., 1997) . PON binds to and localizes Numb, a membrane-associated protein and a negative regulator of Notch signaling, to the basal cortex (Lu et al., 1998) .
In embryos with reduced Myosin VI (Jaguar) activity, Miranda does not form a basal crescent but is mislocalized to the cytoplasm (Petritsch et al., 2003) . Myosin VI, unlike all other characterized myosins, moves processively towards the minus end of actin filaments, taking large steps, but can also function as an actin-based anchor (Sweeney and Houdusse, 2007) . Myosin VI protein is abundantly expressed in NBs, where it transiently accumulates in the basal half of metaphase NBs and partially co-localizes with Miranda (Petritsch et al., 2003) . Myosin VI forms a complex with Miranda and Prospero in Drosophila embryonic extracts and shows direct physical interactions with Miranda in vitro (Petritsch et al., 2003) . These observations suggested that Miranda might be transported from the apical to the basal cortex as a Myosin VI cargo.
Miranda also shows a physical interaction with Zipper, the heavy chain of Myosin II (Petritsch et al., 2003) . Myosin II is a plus enddirected motor that forms bipolar filaments as a heterohexamer (Bresnick, 1999) . Earlier data have suggested that Zipper antagonizes basal crescent formation by negatively interacting with Lethal giant larvae [Lgl; L(2)gl] (Ohshiro et al., 2000; Peng et al., 2000) . The zygotic zipper mutant has intact asymmetric cell division most likely due to maternal contribution of wild-type Zipper. More recently, it has been shown that Myosin II is activated through phosphorylation by Rho kinase, and can be selectively inhibited by a Rho kinase inhibitor (Barros et al., 2003) . Myosin II localizes asymmetrically to the apical pole at prophase and moves
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to the basal side along the cortex, accumulating at the cleavage furrow (Barros et al., 2003; Strand et al., 1994) . As inhibition of Myosin II caused Miranda to mislocalize uniformly around the cortex, and because Myosin II and Miranda localize almost exclusively, it has been proposed that active Myosin II filaments on the apical pole exclude Miranda from the cortex, rather than transport Miranda from the apical to the basal cortex (Barros et al., 2003) .
Myosin II and Myosin VI both interact with the tumor suppressor Lgl to localize Miranda. Myosin VI acts synergistically to Lgl to properly localize Miranda (Petritsch et al., 2003) . Only after Lgl is phosphorylated and inactivated by Drosophila atypical protein kinase C (aPKC) at the apical cortex (Betschinger et al., 2003) can Myosin II become activated (Barros et al., 2003) . aPKC is part of the conserved Par complex consisting of Bazooka (Baz; also known as Par-3), Par-6 and aPKC, which, together with a second apical complex comprising of Inscuteable, Partner of Inscuteable (Pins; Rapsynoid -FlyBase) and G protein αi, regulates the basal localization of Miranda and PON and their binding partners (Yu et al., 2006) .
Immunofluorescence staining on fixed tissue detected Miranda in an apical crescent, as well as in the cytoplasm, prior to the formation of a basal metaphase crescent (Barros et al., 2003; Fuerstenberg et al., 1998; Ikeshima-Kataoka et al., 1997; Petritsch et al., 2003; Shen et al., 1997) . These data suggest a dynamic, stepwise pattern for Miranda localization, but the mode and temporal sequence of Miranda localization has not yet been studied at precisely defined stages during NB mitoses in live embryos. Furthermore, it is not known at what stage of Miranda localization Myosin II and Myosin VI act, and whether they cooperate in the same pathway to localize Miranda.
As previously determined by time-lapse confocal microscopy, PON protein is recruited from the cytoplasm to the cortex at interphase in NBs, and moves two-dimensionally along the cortex to a basal cortical crescent (Lu et al., 1999) . FRAP analysis of PON in sensory organ precursor cells of Drosophila pupae suggested that PON becomes rapidly recruited from juxta-cortical areas to form a basal cortical crescent by binding to a high-affinity binding partner. PON localization depends on aPKC activity and the phosphorylation status of Lgl (Mayer et al., 2005) , and is sensitive to 2,3-butanedione monoxime (BDM), an inhibitor of myosin ATPase activity (Lu et al., 1999) . These data suggest that PON, like Miranda, requires Myosin motor activity for basal localization. As Miranda and PON both localize to a basal crescent in metaphase in a myosindependent fashion, it is possible that they engage similar molecules, such as the cortical Myosin II, to reach their destination. A requirement of Myosin II for PON localization has not yet been studied.
To address these open questions, we performed first a quantitative analysis of Miranda localization using markers to define individual stages of NB mitosis. Thorough quantitative analyses showed that Miranda localized predominantly to an apical crescent at interphase but was rather ubiquitously localized, with a strong cytoplasmic component at prophase. Miranda mRNA remained apically localized during NB mitosis, and short-term inhibition of proteasome-dependent degradation still allowed for the formation of a metaphase crescent, suggesting that Miranda protein forms a basal crescent by protein movement rather than by localized translation and/or degradation. Time-lapse confocal microscopy on embryos expressing Miranda-GFP in combination with FRAP revealed that cytoplasmic Miranda protein moved rapidly by passive diffusion rather than by myosin-directed transport. Cytoplasmic Miranda localization at pro/metaphase required active Myosin II. Myosin VI is required at a subsequent step to bring ubiquitously diffusing Miranda to the basal crescent at metaphase. By simultaneously inhibiting Myosin II and Myosin VI, we showed that Myosin II acts upstream of Myosin VI in the same pathway to localize Miranda. Asymmetric localization of PON required Myosin II but not Myosin VI, suggesting differences in the localization machinery of the two adaptor proteins
Results
Miranda protein localizes ubiquitously to the cytoplasm and cortex at prophase, and forms a basal crescent independent of basal translation or protein degradation Previous data investigating Miranda localization in fixed embryonic tissue detected Miranda protein in an apical cortical crescent prior to formation of a basal crescent, leading to the hypothesis that Miranda receives a signal at the apical pole instructing it to localize to a basal crescent (Fuerstenberg et al., 1998; Ikeshima-Kataoka et al., 1997; Matsuzaki et al., 1998; Shen et al., 1998) . The exact timing of the formation of the apical Miranda crescent remained controversial. Several reports stated that Miranda is apical at interphase and/or at prophase (Fuerstenberg et al., 1998; Matsuzaki et al., 1998; Shen et al., 1998) , although one report showed that Miranda localizes to the cytoplasm at interphase (Ikeshima-Kataoka et al., 1997) . In these earlier studies, DNA condensation was used to distinguish between interphase and prophase. To address the controversy about the timing of apical localization during the NB cell cycle, and to better correlate the distinct patterns of Miranda localization with well-defined stages of the cell cycle, we stained fixed embryonic tissue for Miranda, γ-tubulin (to mark the centrosome) and aPKC (to mark the apical crescent). Centrosomes duplicate on either the apical or basal side of the cell, and migrate laterally to become positioned at opposite poles along the apical/basal axis at pro/metaphase (Kaltschmidt et al., 2000) . At early and later stages of prophase, when centrosomes were migrating laterally, Miranda localized mainly to the cytoplasm and the cortex, but not to the nucleus (Fig. 1A) . At pro/metaphase, when centrosomes moved towards opposite poles and the nuclear membrane breaks down, Miranda filled the entire cytoplasm, including the nuclear regions. At metaphase, Miranda disappeared from the cytoplasm and formed a basal crescent, which was segregated exclusively to the GMC at telophase (Fig. 1A) . As previously shown, aPKC remained apical during mitosis and was downregulated in telophase. Next, we determined the frequency of the apical Miranda crescent, and also of cytoplasmic and cortical Miranda, during interphase and compared it to that at prophase (Fig.  1B-D) . At interphase, Miranda protein was localized to an apical crescent in the majority of NBs (75.7±1.4%); only in a small proportion of NBs was Miranda apically enriched (5.4±1.2%), localized to the cytoplasm and the cortex (12.4±3.8%), or localized to the cytoplasm only (6.6±3.7%; n=255; Fig. 1B,C) . At prophase, apical localization of Miranda was rare (apical crescents, 3.7±1.4%; apically enriched, 3.7±3.1%). In the majority of NBs, Miranda was localized to the cytoplasm and the cortex (prophase/1, 76.1±6.9%) or to the cytoplasm only (prophase/2, 16.5±5.3%; n=193; Fig.  1B,D) .
Taken together, we found that Miranda was predominantly localized to an apical crescent during interphase, but rarely at prophase. Our data suggest that apical localization of Miranda is very transient at prophase, and disappears early at the onset of At early prophase and prophase, centrosomes move laterally, aPKC accumulates at the apical cortex, and Miranda protein predominantly localizes to the cytoplasm and the cortex. At pro/metaphase, centrosomes are positioned at opposite poles along the apical/basal axis, aPKC is apical and Miranda protein fills the entire cell, including the nuclear region. At metaphase, centrosomes remain aligned along the apical/basal axis, aPKC is apical and Miranda is localized entirely to a basal cortical crescent. At telophase, the aPKC signal is weak in the NBs, and Miranda is exclusively inherited by the GMC. Miranda, red; PKC and γ-Tubulin, green; DNA, blue. (B) Miranda forms an apical crescent at interphase. At interphase, the centrosomes have not yet duplicated and Miranda predominantly forms an apical crescent overlaying the centrosome. At prophase, Miranda is predominantly cytoplasmic with (Prophase 1) or without (Prophase 2) a cortical component. (C,D) Quantification of different localization stages of Miranda at interphase and prophase. (C) At interphase, Miranda protein is localized to an apical crescent in the majority of NBs, and is apically enriched; cytoplasmic and cortical localization, and cytoplasmic only localization is observed in only a fraction of NBs. (D) At prophase, apical localization of Miranda is rare. The majority of NBs show cytoplasmic and cortical, or only cytoplasmic Miranda. (E) miranda mRNA remains apically localized throughout NB mitosis. miranda mRNA is apically enriched at prophase and partially co-localizes with Miranda protein (white arrowhead). At metaphase, miranda mRNA (white brackets) remains apical, whereas Miranda protein is exclusively localized in the basal cortical cresent (white arrowhead). At anaphase and telophase, miranda mRNA remains in the NBs, whereas Miranda protein is found in the GMC. No signal for miranda mRNA can be detected using a sense RNA probe as a control (Metaphase control ). miranda mRNA, green; Miranda protein, red; DNA, blue. The NB at telophase is marked by a white circle. (F-I) Inhibition of the proteasome prevents cyclin A degradation at metaphase and progression to anaphase, but does not affect Miranda localization. Miranda protein still forms a basal metaphase crescent in NBs of embryos treated with DMSO as control (F) or MG132 (G). Cyclin A is degraded in the majority of metaphase NBs of control embryos (F) but persists in metaphase NBs of MG132-treated embryos (G). Quantification of metaphase versus ana/telophase NBs (H), and Miranda metaphase crescents versus metaphase with persistent cyclin A (I), reveals that 30 minutes, but not 15 minutes, with MG132 inhibited the progression of metaphase NBs to anaphase and the efficient degradation of cyclin A. Miranda protein is localized to a basal crescent in the majority of MG132-treated NBs. mitosis of NBs to give rise to the ubiquitous localization of Miranda at prophase and pro/metaphase.
Miranda localization could be explained by dynamic protein movement, or, alternatively, by localized translation of Miranda protein at the basal pole and its localized degradation at the apical pole at metaphase. To investigate whether miranda mRNA localized to a basal crescent and overlapped with Miranda protein at metaphase, we performed fluorescent in situ hybridization and visualized Miranda protein by immunohistochemistry ( Fig. 1C;  n=30 ). In agreement with earlier data that characterized prophase NBs, miranda mRNA accumulated around the apical pole and partially colocalized with cytoplasmic Miranda protein at prophase (Schuldt et al., 1998) (Fig. 1E ). Although miranda mRNA remained apical at meta-and anaphase, and exclusively segregated to the NB daughter, Miranda protein localized to a basal metaphase crescent and segregated to the GMC (Fig. 1E) . Thus, Miranda protein and miranda mRNA localize exclusively at the time when Miranda protein becomes basally localized.
Four potential destruction boxes, which are known to target proteins for proteasome-dependent degradation, reside in the central and C-terminal domain of Miranda (Shen et al., 1997) . This suggests that the Miranda protein could be locally degraded by the 26S proteasome in areas outside of the basal metaphase crescent. To investigate a potential role of 26S proteasome-dependent degradation for basal Miranda localization, we treated embryos with the proteasome inhibitor MG132 for 15 or 30 minutes, and detected Miranda protein by immunohistochemistry (Muro et al., 2002) . 100% and 98.5% (s.d. ±2.1) of metaphase NBs showed normal, basal localization of Miranda protein after MG132-treatment for 15 minutes (n=167) and 30 minutes (n=153), respectively ( Fig.  1G,I ). 26S proteasome degrades cyclin A during metaphase (Tio et al., 2001) , and, in the absence of proteasome activity, cyclin A persists and cells arrest at metaphase (Sigrist et al., 1995) . To control for successful proteasome inhibition, we detected cyclin A in addition to Miranda (Fig. 1F ,G,I) and determined the ratio of NBs at metaphase versus ana-/telophases (Fig. 1H ). After 30 minutes of MG132-treatment, cyclin A protein persisted in 75.3% (s.d. ±11.5) of metaphase NBs (Fig. 1F ,G) (n=153). In untreated embryos, cyclin A was detected in only 29% (s.d. ±5.3; n=205) , and in control embryos in only 34% (s.d. ±1.8; n=178), of metaphase NBs (Fig.  1F,I ). Coinciding with defective cyclin A degradation, the number of metaphase NBs increased to 84.6% (s.d. ±5.7) after 30 minutes with MG132, from 51% (s.d. ±10) in untreated and from 51.8% (s.d. ±7.8) in control embryos (Fig. 1H ). Cyclin A was still properly degraded after 15 minutes with MG132 (28.3±4.7%; n=167) or DMSO treatment (30.4±6.5%; n=119), and the number of metaphase NBs was not significantly altered (MG132-treated, 47.9±4.4% compared with control embryos, 42.7±11.5%).
Our data showed that short-term inhibition of proteasome activity did not disrupt the basal localization of Miranda protein. In summary, we conclude that Miranda localization depends on the dynamic movement of a pre-existing pool of Miranda protein from the apical cortex throughout the entire cell to the basal cortex, rather than on the localized translation of miranda mRNA at the basal cortex, or on localized Miranda protein degradation at areas outside the basal cortex.
Miranda is ubiquitously localized and accumulates in the cytoplasm prior to formation of a basal crescent
Immunohistochemistry on fixed tissue does not distinguish between an active, myosin-directed movement and a passive diffusion of Miranda protein. To study the dynamics of Miranda protein localization, we have generated transgenic Drosophila embryos carrying full-length UAS-Miranda-GFP. Different Gal4-driver strains were used to express Miranda-GFP and to follow its localization in NBs and neuroepithelial (NE) cells by timelapse confocal microscopy. As expected, Miranda protein accumulated at the apical pole in only a small proportion of prophase NBs (Fig. 2A) . In the majority of NBs and in all NE cells, Miranda localized uniformly to the cytoplasm and the cortex, but not to the nucleus, at early prophase (see Fig. 2A,B) . Miranda accumulated in patches throughout the entire cytoplasm, including in the nuclear region during nuclear envelope breakdown, at pro/metaphase and gradually accumulated in a basal crescent at metaphase. As expected, the basal Miranda crescent is symmetrically distributed between the two daughter cells of NE fate upon cytokinesis (Fig. 2B) . Miranda is inherited entirely by the GMC in NB divisions ( Fig. 2A ; see Movies 1 and 3, supplementary material).
To ensure that the ubiquitous localization of Miranda was not caused by artificial saturation of the localization machinery as a result of the ectopic expression of Miranda-GFP, we used Gal4-driver strains of different strengths. Miranda-GFP expressed under control of neuralized-Gal4 ( Fig. 2A,B) , a strong NB-and NEspecific driver, V32A-Gal4 (Fig. 2C) , driving maternal gene expression, or scabrous-Gal4 (Fig. 2D) , a weaker NE-and NBspecific driver, showed very similar protein localization patterns, including strong cytoplasmic localization of Miranda at pro/metaphase.
As an additional control, we investigated the localization of Miranda-GFP and total Miranda protein by immunohistochemistry (Fig. 2E,G,H) . The pattern of Miranda-GFP localization from two lines generated by our lab (Fig. 2G,H ) was compared with a preexisting line (Fig. 2E) (Ohshiro et al., 2000) . All three lines showed overlapping localization of Miranda-GFP with total Miranda (Fig.  2E , data not shown), and at metaphase (Fig. 2E,G,H) . In line 1, a very small fraction of Miranda-GFP localized to the mitotic spindle (Fig. 2E) ; however, spindle association was not observed in line 2 (Fig. 2G ) or line 3 (Fig. 2H ). All three lines were used interchangeably in live imaging experiments and showed very similar Miranda-GFP localization patterns although the signal intensity varied.
Furthermore, immunoblotting showed that Miranda-GFP was expressed at lower levels than endogenous Miranda protein (Fig.  2I) . In embryos expressing Miranda-GFP under Gal4-control, but not in embryos carrying only the Miranda-GFP transgene or just the Gal4 driver, a single band of 130 kDa was recognized by the GFP antibody. In addition, endogenous Miranda was recognized as a 75-100 kDa duplet by the Miranda antibody.
Taken together, our data suggest that Miranda-GFP does not saturate the localization machinery but rather faithfully recapitulates the localization of endogenous Miranda protein in live embryos. Finally, we evaluated the behavior of Miranda-GFP compared with endogenous Miranda, by studying Miranda-GFP localization in embryos expressing a constitutively active, nonphosphorylatable form of Lgl (Lgl 3A ). Lgl 3A disrupts Miranda localization (Betschinger et al., 2003) , presumably by preventing the activation of Myosin II (Barros et al., 2003) . Intriguingly, cytoplasmic Miranda was completely abolished when coexpressed with Lgl 3A , suggesting that Lgl is required for the cytoplasmic localization of Miranda at pro/metaphase. Instead, Miranda-GFP, similar to endogenous Miranda (Betschinger et al., 2003) , accumulated uniformly around the cortex Dynamics of Miranda localization at prophase and at metaphase, and symmetrically segregated at anaphase (Fig. 2F) .
Taken together, we conclude that Miranda, after very transiently forming an apical crescent, becomes localized uniformly to the cytoplasm and the cortex at prophase, and ubiquitously throughout the cell during pro/metaphase. At metaphase, Miranda protein gradually forms a basal crescent and disappears from the remainder of the cell. Embryos expressing Miranda-GFP under control of neuralized-Gal4 (neura-Gal4) were examined by time-lapse confocal microscopy for neuroblasts (NB) or neuroepithelial (NE) cells undergoing mitosis. In the majority of NBs (A) and in all NE cells (B), Miranda-GFP localizes uniformly to the cytoplasm and the cortex, but not to an apical crescent at prophase. At pro/metaphase cytoplasmic Miranda-GFP is more intense (white arrowhead), and includes nuclear and cortical areas. At metaphase, the basal cortical crescent is formed and Miranda-GFP gradually disappears from the remaining areas of the cell. Miranda-GFP is inherited by the GMC at telophase in NBs (A; white circle), and by both NE cells in a symmetric division (B). Miranda-GFP shows a very similar cytoplasm-to-basal cortex localization pattern when expressed under the control of V32-Gal4 (C) and scabrous-Gal4 (sca-Gal4) (D). Cytoplasmic Miranda accumulation is indicated by white arrows. (E) Miranda-GFP recapitulates the localization pattern of total Miranda protein. In fixed embryos, the location of Miranda-GFP is indistinguishable from that of total Miranda, in the cytoplasm at prophase and at the basal crescent at metaphase. Miranda, red; GFP, green; DNA, blue. (F) In embryos expressing an unphosphorylatable form of Lgl, UAS-Lgl 3A , Miranda-GFP is found uniformly around the cortex and cytoplasmic localization is abolished. (G,H) Miranda-GFP localizes to a tight metaphase crescent overlapping with total Miranda in two additional transgenic lines (line 2, G; line 3, H). (I) Immunoblotting using a Miranda antibody (top panel) and a GFP antibody (middle panel) reveals that ectopically expressed Miranda-GFP represented by the 130 kDa band is specifically expressed in UAS-Miranda-GFP/scabrous-Gal4 embryos, but not in UAS-Miranda-GFP or scabrous-Gal4 embryos (controls). Miranda-GFP levels are low compared with total Miranda protein, which runs at 75-100 kDa. Tubulin was detected as a control for equal loading (bottom panel).
PON protein localization requires Myosin II but not Myosin VI
Previous data show that the asymmetric localization of PON is sensitive to butanedione-2-monoxime (BDM), a well-studied inhibitor of the ATPase of skeletal muscle Myosin II. BDM efficacy towards other, non-muscle myosins remains controversial (Ostap, 2002) , and thus it is not known yet which myosin motors regulate PON localization. To address a potential role of Myosin II and Myosin VI in PON localization, we repeated time-lapse confocal imaging of PON-GFP in dividing NBs and NE cells using a preexisting transgenic Drosophila strain (Fig. 3) (Lu et al., 1999) . As shown earlier, PON was cleared from the cytoplasm at interphase to localize mainly uniformly around the cortex at prophase (data not shown) (Lu et al., 1999) . At pro/metaphase, PON protein moved basolaterally mainly along the cortex, and gradually accumulated in a basal metaphase crescent in NBs (Fig. 3B ) and NE cells (Fig.  3D , see also Movies 2 and 4 in the supplementary material). PON lacked the strong cytoplasmic localization (Lu et al., 1999) of Miranda protein at prophase and pro/metaphase in NBs (Fig. 3A) and NE cells (Fig. 3C) , suggesting that the two adaptor proteins are using distinct routes to localize to a metaphase crescent.
To test whether the spatial differences in PON and Miranda localization at pro/metaphase are reflected in mechanistic differences, we investigated the role of Myosin II and VI for PON localization. We inhibited Myosin II indirectly by injection of the Rho kinase inhibitor Y-27632 into PON-GFP-expressing embryos and then examined the embryos by live imaging (Fig. 3F) . In the absence of fully functional Myosin II, PON was mislocalized around the cortex at pro-and metaphase. NBs in control-injected embryos underwent cytokinesis and PON was segregated to the GMC (Fig.  3E) , NBs in Myosin II-inhibited embryos, however, showed abnormal division and PON accumulated at the cleavage furrow (Fig. 3F) . Thus, we propose that PON is excluded from the apical cortex at prophase and moved to a basal crescent at pro/metaphase by Myosin II. Taken together with earlier data showing that Myosin Journal of Cell Science 121 (9) 
(E,F) Time-lapse microscopy of PON-GFP localization in
NBs from untreated, control embryos (E), or NBs from embryos lacking fully functional Myosin II (F) because of injection of a Rho kinase inhibitor. In the absence of Myosin II activity, PON-GFP does not form a basal crescent but is mislocalized to the cortex in metaphase and anaphase, and concentrates at the cleavage furrow in telophase (arrowheads). (G) Downregulation of Myosin VI by RNA interference (MyoVI RNAi) does not affect crescent formation at metaphase, or the asymmetric segregation of PON-GFP at ana-and telophase. The mitotic spindle and, hence, the cleavage plane are rotated by 45° owing to downregulation of Myosin VI. The white circle in telophase depicts the position of the NB. Embryos heterozygous (H) and homozygous (I) for the jar 1 allele were fixed and stained with a PON antibody (green). DNA, blue. In agreement with the live imaging data, PON still formed a basal crescent at metaphase in control (H) and mutant (I) embryos. The mitotic spindle is misoriented by 90° owing to the lack of Myosin VI activity.
II localizes to the cleavage furrow at telophase (Barros et al., 2003) , PON might be 'pushed' into the GMC at telophase by Myosin II activity.
The pointed end-directed Myosin VI is required for basal localization of Miranda (Petritsch et al., 2003) . Myosin VI predominantly localizes to patches throughout the cytoplasm and the cortex in prophase (Petritsch et al., 2003) , which suggests that it does not affect PON localization by directly binding to PON. To test for a potential indirect function of Myosin VI in PON localization, we injected Myosin VI double-stranded RNA in embryos expressing PON-GFP to downregulate Myosin VI activity (MyoVI RNAi, Fig. 3G ) (Petritsch et al., 2003) . Previous data showed that the mitotic spindle is misoriented in embryos lacking fully functional Myosin VI (Petritsch et al., 2003) (Fig.  3G,H) . Time-lapse confocal imaging revealed that PON-GFP protein still formed a basal cortical crescent in metaphase and was segregated exclusively to the GMC. Because of the misorientation of the mitotic spindle, the division plane was rotated by 45° and the PON crescent was now positioned laterally to the epithelial surface (Fig. 3G) . In an alternative approach, we studied PON localization by immunohistochemistry on a zygotic mutant allele of Myosin VI, jaguar (jar 1 ) (Petritsch et al., 2003) . PON localization was normal in metaphase NBs of embryos heterozygous mutant for jar 1 with normal spindle orientation ( Fig.  3H ) and homozygous mutant for jar 1 with misoriented mitotic spindle (Fig. 3I) .
We concluded that, in contrast to its function for Miranda localization, Myosin VI is dispensable for the asymmetric localization of PON in a cortical metaphase crescent and its segregation to the GMC.
Distinct modes of cytoplasmic and cortical Miranda protein movement
To distinguish between a Myosin VI-directed movement and passive diffusion of Miranda at pro/metaphase (Petritsch et al., 2003) , we determined fluorescence recovery after photobleaching (FRAP) of Miranda-GFP. The chromosomal condensation state was visualized by co-expressing Histone2A (His2AvD-mRFP) (Schuh et al., 2007) to pinpoint the mitotic stages of dividing NBs. To investigate FRAP of cytoplasmic Miranda, we selectively bleached various regions of interest (ROIs) covering cytoplasmic Miranda at pro/metaphase in dividing NBs (Fig. 4A,B,D) . We attempted to calculate the motility of cytoplasmic Miranda-GFP by recording the recovery of the fluorescent signal by Miranda-GFP molecules moving into the ROIs from adjacent areas (see Materials and Methods). However, we could not significantly reduce the fluorescent signal when bleaching a cytoplasmic ROI on either the apical (Fig. 4A) or the basal (Fig. 4B ) half of the cell by applying the same parameters, which significantly reduced the cortical Miranda-GFP signal that was used as a reference (Fig.  4E) . These results were indicative of a rapid movement of Miranda molecules with a t 1/2 of less than 1.5 seconds, and suggested that Miranda diffused unrestrictedly throughout the cytoplasm. As a control for a freely diffusing protein, we studied FRAP of eGFP, which showed a very similar recovery rate, with a t 1/2 of less than one second (t 1/2 <1 second; Fig. 4C ; data not shown). The recovery rate of Miranda-GFP was slightly slower than that of eGFP alone, which could be explained by the greater molecular mass of the fusion protein and by its association with other diffusible molecules or cargo molecules (Fig. 4C) . We conclude that cytoplasmic Miranda moves freely within the cytoplasm, with a high mobility suggestive of passive diffusion rather than active transport.
Next, we tested whether Miranda protein at pro/metaphase is required for the formation of a basal crescent at metaphase, by selectively bleaching the entire NB at pro-metaphase. No basal Miranda-GFP crescent was recovered after bleaching cytoplasmic Miranda (Fig. 4D) . This study corroborated our earlier data showing that a preexisting pool of Miranda protein at pro/metaphase is required for proper formation of the basal metaphase crescent.
Miranda could form a cortical crescent by attaching to a cortical anchor, which restricts protein movement within basal areas. To test this hypothesis, we analyzed FRAP of Miranda-GFP in the basal crescent (Fig. 4E ) and compared it to its mobility in the cytoplasm (Fig. 4F) and to the cortical mobility of PON (Fig. 4G) . Indeed, FRAP of Miranda-GFP at the basal cortex took significantly longer than did the recovery of cytoplasmic Miranda-GFP (Fig. 4F) . Our data suggested that cortical Miranda has a lower mobility and might thus be anchored at the basal cortex. A comparison of the FRAP kinetics of cortical PON and Miranda revealed that their half-time recovery values were indeed very similar (t 1/2 Miranda, 6.76±0.66 seconds; t 1/2 PON, 6.78±0.43 seconds; Fig. 4G,H) . By removing the basal Miranda crescent at either edge, we determined that Miranda fills either area at a comparable speed, but does not fill areas outside the pre-existing basal crescent. In NBs, PON-GFP also retained mobility only within the limits of the basal crescent (Lu et al., 1999) . These data suggest that Miranda and PON are confined to the limits of a basal cortical crescent by attaching to perhaps the same, as yet unidentified, cortical anchor (Mayer et al., 2005) .
Myosin II and Myosin VI act at distinctive steps in the same pathway to localize Miranda
Previous experiments analyzing the role of Myosin II and Myosin VI in Miranda localization captured only a static image of defects in mutant embryos (Barros et al., 2003; Peng et al., 2000; Petritsch et al., 2003) . In the absence of Myosin II activity, Miranda is mislocalized uniformly around the cortex (Barros et al., 2003) . Thus, Myosin II could be required for either formation or, alternatively, maintenance of the basal crescent. To distinguish between these two possibilities, we injected embryos expressing Miranda-GFP and Histone-RFP with the Rho kinase inhibitor Y-27632 at a concentration that did not fully inhibit cytokinesis but that downregulated Myosin II activity. This approach allowed us to follow Miranda localization in the absence of Myosin II activity throughout mitosis (Fig. 5B) , and to compare it with control embryos (Fig. 5A) . Cytoplasmic localization of Miranda, the formation of a basal crescent and the asymmetric segregation of Miranda were completely inhibited by injection of the Rho kinase inhibitor (Fig.  5B) . These results suggest that Myosin II is required at prophase to allow Miranda to move to the cytoplasm.
To study the function of Myosin VI at defined stages of Miranda localization, we downregulated Myosin VI activity by injecting live embryos expressing Miranda-GFP with myosin VI dsRNA (Petritsch et al., 2003) (Fig. 5C ). In the absence of fully functional Myosin VI, Miranda-GFP accumulated in patches thoughout the entire cell; it did not form a basal crescent and thus segregated symmetrically to both daughter cells (Fig. 5C ). Myosin VI itself partially colocalizes with Miranda, mainly in the cytoplasm (Petritsch et al., 2003) . Thus, we propose that Myosin VI is required at pro/metaphase to bring cytoplasmically localized Miranda to the basal cortex.
Myosin II and Myosin VI may act either sequentially in the same pathway or in parallel pathways at distinct steps to localize Miranda. Analyzing a potential interaction of Myosin II and Myosin VI has been hampered by the overall abnormal morphology of the double mutant for the Myosin VI and the Myosin II heavy chain (Petritsch et al., 2003) . As an alternative approach, we injected both the Rho kinase inhibitor (to inhibit Myosin II) and myosin VI dsRNA into live embryos and followed Miranda movement by time-lapse confocal microscopy. In the 'double knockdown' NBs, cytoplasmic localization of Miranda was eliminated and Miranda localized uniformly around the cortex from meta-to telophase (Fig. 5D ). Miranda mislocalization in the absence of both myosins closely resembled the pattern of mislocalization seen with reduced Myosin II activity alone ( Cytoplasmic Miranda-GFP could not be bleached on the apical (A) or basal (B) side of the cell by using the same bleaching intensity that was used to eliminate signal from cortical Miranda-GFP (E), indicative of three-dimensional diffusion. (C) Cytoplasmic Miranda-GFP and freely diffusing eGFP showed similar kinetics. Both have a significantly shorter recovery time than Miranda at the basal cortex (E). (D) Miranda-GFP at prophase and pro/metaphase. Miranda-GFP was repeatedly bleached at high laser intensity at pro/metaphase to remove signal from the NB (white circle). Subsequently, no basal crescent was detected in metaphase (white brackets), suggesting that ubiquitously localized Miranda at pro/metaphase is required to form the basal crescent at metaphase. (E) Miranda-GFP signal bleached at the basal cortical crescent (white circle) recovered at a slower rate than did cytoplasmic Miranda, suggesting that Miranda does not diffuse freely at the cortex. (F) Quantification of the relative fluorescent intensity over time shows that cortical Miranda moves slower (t 1/2 =6.76±0.67 seconds) than cytoplasmic Miranda (t 1/2 <1.5 seconds), but at similar rate to cortical PON-GFP (t 1/2 =6.78±0.43 seconds). The recovery rates of Miranda and PON at the cortex are still fast, indicating that the two proteins show dynamic association with the cortex. 5B), rather than an additive or a Myosin VI loss-of-function phenotype (Fig. 5C ).
Taken together, we propose that Myosin II activity mobilizes Miranda at the apical cortex at early prophase. Miranda moves to the cytoplasm and diffuses throughout the cell at pro/metaphase. Myosin VI transitions Miranda from the cytoplasm to the basal cortex at metaphase. Myosin II and Myosin VI act sequentially in the same pathway to localize Miranda.
Discussion

Miranda is asymmetrically localized by protein movement
Here, we show that the dynamic localization of Miranda is achieved primarily by protein movement rather than by alternative mechanisms, such as the localized translation of miranda mRNA at the basal cortex and localized degradation at areas outside of the basal cortex. miranda mRNA localized exclusively to Miranda protein at metaphase (Fig. 1E) , and although we cannot exclude that small amounts of mRNA, undetectable by our experimental approach, are translated at the basal cortex, we propose that they do not significantly contribute to Miranda protein localization. To test for localized degradation of Miranda protein, we initially quantified Miranda localization in embryos carrying a dominant temperature-sensitive (DTS) proteasome mutation in the β2 proteasome subunit gene DTS5 (Pros26), or in embryos expressing a copy of the DTS5 mutant in NBs (Schweisguth, 1999) . However, cyclin A degradation, and progression from metaphase to anaphase, is not strongly affected in this mutant at the restrictive temperature (Tokumoto et al., 1997) (data not shown), and thus we turned to chemical inhibition of the proteasome by short-term treatment with MG132.
In a recent study, MARCM clones for Tbp-1, a gene encoding a regulatory subunit of the proteasome, show mislocalization of Miranda in larval NBs, suggesting that Miranda localization is affected by long-term inhibition of the proteasome. However, because Miranda protein is only mono-and not poly-ubiquitylated, which is a prerequisite for proteasome-dependent degradation, Slack et al. proposed that the proteasome affects Miranda protein localization indirectly (Slack et al., 2007) . This interpretation is in line with our data showing that short-term inhibition with MG132 efficiently inhibits the proteasome, leading to the persistence of cyclin A and metaphase arrest, but does not affect Miranda protein localization (Fig. 1F-I ).
Diffusion of Miranda protein throughout the cell precedes basal crescent formation
Our experiments reveal that Miranda localizes to an apical crescent at interphase but is uniformly localized to the cytoplasm and the cortex at prophase, and accumulates in the cytoplasm at pro/metaphase (Fig. 2) . We performed several control experiments to exclude that the ubiquitous localization and cytoplasmic accumulation of Miranda is caused by saturation of the localization machinery (Fig. 2) . Miranda-GFP also functionally rescues Prospero localization in a zygotic Miranda loss-of-function mutant (Peng et al., 2000) (data not shown).
In embryonic and larval NBs, a small proportion of Miranda localizes around the centrosome at the pole opposite the crescent formation (Petritsch et al., 2003) (Fig. 1A) . A short isoform of Miranda is a component of the centrosome and is localized dynamically to the mitotic spindle in syncytial Drosophila embryos (Mollinari et al., 2002) . It is feasible that a fraction of the cytoplasmic pool of Miranda at prophase associates around the apical centrosome and moves to nuclear areas during nuclear envelope breakdown, but, because of the lack of an additional centrosome marker in our analysis, we cannot make this conclusion. We could show, however, that the cytoplasmic Miranda localization does not depend on an intact microtubule network, as we could still detect cytoplasmic Miranda in embryos injected with colcemid to disrupt the mitotic spindle (data not shown).
The cytoplasmic localization of Miranda in NBs could have a general relevance. In C. elegans, the conserved Par proteins direct a polarized cytoplasmic flow to move P granules to the posterior cortex of the zygote (Cheeks et al., 2004) . Thus, similar to C. elegans zygotes, Drosophila NBs employ a Par protein-dependent cytoplasmic movement to drive the Miranda complex to the basal pole.
Adaptor proteins take different routes to the basal cortex but require Myosin II
In agreement with earlier data, we found that PON moves mainly two-dimensionally along the cortex to become restricted to a basal metaphase crescent in embryonic NBs (Fig. 3B) (Lu et al., 1999) . PON does not accumulate in the cytoplasm at pro/metaphase like the Miranda protein does, and the different routes taken by PON and Miranda are reflected in their differential requirement for myosin motors. In contrast to Miranda, PON localization depends on Myosin II but not on Myosin VI. The distinct localization modes of Miranda and PON might reflect their association with different cargoes and their intracellular localization. Miranda is required for the localization of transcriptional and translational regulators, such as Prospero and Brat, which presumably act in the cytoplasm and the nucleus, whereas PON localizes Numb, a regulator of Notch signaling that is primarily localized to the membrane or to cortical actin. Miranda also interacts with Numb in vitro (Shen et al., 1998) ; however, it is unclear whether this interaction plays a physiological role in the asymmetric localization of Numb (Ikeshima-Kataoka et al., 1997; Shen et al., 1997) .
The interaction of PON and Miranda at the basal cortex, however, appears to be similar, as suggested by FRAP analysis using PON-GFP and Miranda-GFP. Both proteins associate dynamically with the cortex, as indicated by their short half-time of recovery after photo-bleaching, but are retained within the limits of the basal cortical crescent (Fig. 4) . Along these lines, FRAP analysis with GFP-PON, a fusion protein with the localization domain of PON, in sensory organ precursors of Drosophila pupae, suggested that there might be a constant exchange between cortical and cytoplasmic PON (Mayer et al., 2005) . These data provide evidence for the presence of a common anchor protein that retains both PON and Miranda at the basal cortex.
Taken together, we have identified distinguishable features between the localization machinery and the route for adaptor complexes in NBs. Further analyses studying the localization of cargo proteins, such as Prospero or Numb, are needed to establish whether PON and Miranda form two independently localized protein complexes.
Myosin II and Myosin VI interact in one pathway to shuttle Miranda between cortex and cytoplasm Previous studies reported that Miranda forms an apical crescent at interphase or at prophase, and demonstrated a physical interaction of Miranda protein with Inscuteable, a component of the apical complex (Shen et al., 1998) . It was therefore speculated that, after forming a complex with Prospero and Staufen at the apical cortex, Miranda receives a signal, presumably by interacting with Inscuteable, that triggers the Miranda complex to move towards the basal cortex. Here, we demonstrate that the apical crescent exists during interphase but rapidly disappears at early prophase. This suggests that Miranda receives the signal from the apical complex either during interphase or at early prophase. Recent data show that Myosin II and Lgl -phosphorylated by aPKC in the apical complex -are required to exclude Miranda from the apical cortex. As previously shown, Myosin II is uniformly localized at the cortex during interphase (Barros et al., 2003) when Miranda is concentrated at the apical cortex (Fig. 1B) . As active Myosin II has been suggested to exclude Miranda from the apical cortex, we propose that Myosin II is still inactive during interphase and does not exclude Miranda (Barros et al., 2003; Petritsch et al., 2003) . Previous data Journal of Cell Science 121 (9) Fig. 6 . A model for Miranda localization by Myosin II and Myosin VI. (A) Late interphase. We propose the model that Myosin II forms an inactive crescent during late interphase (individual green ovals) because aPKC is absent and cannot phosphorylate and inactivate Lgl (not shown). Myosin II binds to Miranda (red) in an apical crescent. PON is still cytoplasmic during interphase (yellow area). (B) Prophase and pro/metaphase. Very early at prophase, aPKC binds to the apical crescent (purple crescent) and activates Myosin II to form microfilaments (connected green ovals) by phosphorylation of Lgl (not shown). Hence, Miranda is excluded from the apical cortex and mobilized to diffuse rapidly throughout the entire cytoplasm filling the nucleus around the time of nuclear envelope breakdown at pro/metaphase (red area). PON is recruited to the cortex (yellow circle) at prophase. (C) Metaphase. Myosin VI (blue) in the basal half of the cell binds to Miranda to either anchor it or to deliver Miranda by short-range transport to a cortical anchor at the basal crescent. PON is 'pushed' along the cortex by Myosin II activity to form a basal crescent.
show that Myosin II interacts with Miranda in a protein complex in embryonic extracts (Petritsch et al., 2003) . Because Myosin II and Miranda localization only overlaps during interphase, they might actually form a complex at the apical crescent during interphase. Indeed, aPKC was rarely found in an apical crescent during interphase (Fig. 6A , data not shown), but it is recruited to an apical crescent at the transition of interphase to prophase (Fig.  1A, Fig. 6B ). aPKC in the apical complex phosphorylates Lgl, which allows for the activation of Myosin II at prophase (Betschinger et al., 2005; Barros et al., 2003) . As suggested by our live imaging experiments (Fig. 6B) , active Myosin II rapidly excludes Miranda from the cortex at early prophase.
Miranda diffuses rapidly throughout the cytoplasm and, in line with earlier data (Petritsch et al., 2003) , our live imaging analysis documented that Myosin VI is essential for the integration of cytoplasmically localized Miranda into the basal crescent at pro/metaphase (Fig. 5C, Fig. 6C ). It is conceivable that Myosin VI binds to Miranda at juxta-cortical regions in the basal half of NBs and transports it over a short range to the basal cortex. Intriguingly, Myosin VI is capable of functioning not only as a processive motor but also as an anchor in vitro (Sweeney and Houdusse, 2007) . Thus, alternatively, Myosin VI could retain the diffusing Miranda complex in the basal half of the metaphase NB, and thereby could facilitate delivery of Miranda to an as yet unknown cortical anchor (Mayer et al., 2005) . As determination of the exact physiological function of Myosin VI in an individual cell type, like the NB, has not yet been attempted, we cannot currently distinguish between these possibilities. To address these questions, it will be necessary to study the interaction of Myosin VI and Miranda by mapping the interaction domains and measuring the fluorescent resonance energy transfer (FRET) between the two molecules.
The distinct phenotype, mode of action, and subcellular localization of Myosin II and Myosin VI suggested that they act at distinct steps either in a single pathway or in two parallel pathways in the process of Miranda localization. Here, we have shown for the first time that Myosin II and Myosin VI act at consecutive steps in a single pathway to localize Miranda basally.
Although many asymmetrically localized cell fate determinants, such as Numb, Prospero and Staufen, have mammalian homologs, mammalian proteins resembling Miranda or PON have yet to be found in neural stem cells of the mammalian brain. However, the high degree of conservation and the presence of asymmetric stem cell division suggest that functional homologs might exist, and that they are probably localized by similar mechanisms.
Materials and Methods
Fly strains
For live imaging, full-length Miranda-GFP was expressed with the UAS/GAL4 system (Brand and Perrimon, 1993) using scabrous-Gal4 (Nakao and CamposOrtega, 1996) , neuralized-Gal4 (Bellaiche et al., 2001) or V32-Gal4 (Petritsch et al., 2003) . We combined UAS-Miranda-GFP with red fluorescent histoneH2AvD-mRFP (Schuh et al., 2007) or with UAS-Lgl 3A (Betschinger et al., 2003) . Live imaging for PON was performed with UAS-PON-GFP and sca-Gal4 (Roegiers et al., 2001) . FRAP experiments of free eGFP used UAS-eGFP (Bloomington Stock Center).
Generation of UAS-Miranda-GFP
To generate a fusion of GFP and the N terminus of Miranda, a fragment encoding eGFP, generated by PCR using eGFP-vector (Clontech) as template, was fused to full-length Miranda, amplified by PCR from Miranda-bluescript-SK (Petritsch et al., 2003) with a small linker region, and cloned into the pUAST vector. Primer sequences were: eGFP forward, 5Ј-ATAGAATTCGTAACGATGGTGAGCAAG-3Ј; eGFP reverse, 5Ј-TTACTCGAGGTCGACCTTGTACAG-3Ј; Mira-full forward, 5Ј-ATC -TCGAGTCTTTCTCCAAG-3Ј; and Mira-full reverse: 5Ј-ATGGTACC CTA GA -TGTTGCGTGC-3Ј. Several independent transgenic lines were generated as described (Petritsch et al., 2003) .
Live imaging, FRAP and reduction of myosin activity
Live embryos were dechorionated, immobilized on a cover slip (Lu et al., 1999) , covered with Halocarbon 95 oil (Halocarbon Products) and visualized by confocal microscopy (Leica SP TCS_SP2; Objective, HCL PL APO lbd.BL 63.0ϫ1.40 Oil; numerical aperture, 1.4; room temperature 18-25°C) using 6.5-second time intervals. NBs were identified as described previously (Kaltschmidt et al., 2000) . To knock down myosin activity, embryos were injected with 17 mg/ml Rho-Kinase inhibitor Y-27632 (Tocris Biosciences) (Barros et al., 2003) and myosin VI dsRNA (Petritsch et al., 2003) , respectively. All photobleaching experiments were done by point bleaching of 1 second with maximum laser intensity using the advanced time-lapse tool. The recovery period was measured at lower laser intensity in time intervals of 3.25 seconds. For calculating the half-time of recovery, images were imported into image J and subtracted for background. The resulting curves were fitted to a single exponential function y=A(1-e-kt) with Origin 5.0 (Originlab), from which the FRAP half-time t 1/2 =ln(2)/k was calculated. Images were imported into Adobe Photoshop, assembled in Adobe Imageready and converted to QuickTime movies.
